The fragmentation dynamics of imidazole molecules following excitation at 193.3 nm and at many wavelengths in the range of 210ഛ phot ഛ 240 nm have been investigated by H Rydberg atom photofragment translational spectroscopy. Long wavelength excitation within this range results in population of the 1 1 AЉ͑ 1 * ͒ excited state, but the 2 1 AЈ ← X 1 AЈ͑ * ← ͒ transition becomes the dominant absorption once phot ഛ 220 nm. The measured energy disposals show parallels with those found in recent studies of the UV photolysis of pyrrole ͓Cronin et al., Phys Chem. Chem. Phys. 6, 5031 ͑2004͔͒. The total kinetic energy release ͑TKER͒ spectra display a "fast" feature, centred at TKER ϳ9200 cm −1 . The analysis of the structure evident in the fast feature reveals the selective population of specific in-plane stretching vibrational levels of the imidazolyl cofragment; these fragments are deduced to carry only modest amounts of rotational excitation. Comparison with calculated normal mode vibrational frequencies allows the assignment of the populated levels and a precise determination of the N-H bond strength in imidazole: D 0 =33 240±40 cm −1 . The observed energy disposal can be rationalized using Franck-Condon arguments, assuming that the potential energy surface ͑PES͒ for the 1 1 AЉ͑ 1 * ͒ state has a topology similar to that of the corresponding 1 * state of pyrrole. As in pyrrole, photoexcitation populates skeletal motions in the S 1 state ͑in-plane motions in the present case͒ that are only weakly coupled to the N-H dissociation coordinate and thus map through into the corresponding product vibrations. A second, "slow" feature is increasingly evident in TKER spectra recorded at shorter phot . This component, which exhibits no recoil anisotropy, is attributed to H atoms formed by the "statistical" decay of highly vibrationally excited ground state molecules. The form of the TKER spectra observed at short phot is rationalized by assuming two possible decay routes for imidazole molecules excited to the 2 1 AЈ͑
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INTRODUCTION
The imidazole molecule has a planar five-membered heteroaromatic ring structure, with a six -electron system, in which the trigonal pyrrole-like nitrogen atom donates two electrons to the aromatic system. Imidazole is important in the structure of many biological compounds and is present in the side chain of the naturally occurring amino acid histidine. It is an important ligand towards transition metal ions in a variety of biological molecules, including vitamin B 12 .
1 Despite its biological relevance, there has been little experimental study on gas phase imidazole, and little is known of its fate following UV excitation. The UV absorption spectrum of imidazole in aqueous solution shows a maximum at 207 nm ͑6.00 eV͒ and a second broad feature around 190 nm ͑6.53 eV͒. 2 A very weak band around 250 nm ͑4.96 eV͒ has also been reported. 3 Several ab initio electronic structure calculations have been performed in an attempt to assign these spectral features. [4] [5] [6] Serrano-Andrés et al. 5 used complete active space selfconsistent field ͑CASSCF͒ theory and multiconfigurational complete active space second-order perturbation theory ͑CASPT2͒ to study the electronic spectrum of ͑both neutral and protonated͒ imidazole, following an analogous study on the bare pyrrole molecule. 7 These workers identified two close lying orbitals ͑2aЉ and 3aЉ͒, as the highest occupied molecular orbitals ͑HOMOs͒, followed by two comparatively low-lying unoccupied * orbitals. 5 Thus, within the subspace, electronic excitation from the HOMO or ͑HOMO-1͒ can result in the formation of four different singlet * states. The lowest energy 1 * state of neutral imidazole is calculated to be the 2 1 AЈ state, at a vertical excitation energy relative to the ground ͑X or 1 1 AЈ͒ state of a͒ 6.32 eV in solution ͑6.72 eV in the gas phase͒. The second excited 1 * state is calculated to be the 3 1 AЈ state, at 6.53 eV in solution ͑7.15 eV in gas phase͒. Based on these calculations, Serrano-Andrés et al. 5 proposed two possible interpretations for the previously reported aqueous phase UV spectrum of imidazole. In one, the band observed at 6.00 eV is assigned to the 2 1 AЈ ← X transition in protonated imidazole and the 6.53 eV band to the 3 1 AЈ ← X excitation of the neutral molecule. The alternative assumes that the respective transition energies in the neutral and protonated forms of imidazole are sufficiently similar that the measured spectrum is best viewed as a superposition of similar spectra from both forms, each with two bands. These workers assigned the weak feature at long wavelength ͑ϳ250 nm͒ to spin forbidden absorption to the 1 3 AЈ and 2 3 AЈ triplet electronic states. However, Machado and Davidson 4 have assigned this long wavelength weak absorption in terms of electron promotion from the HOMO to a 3s Rydberg orbital, localized on the pyrrole-like N atom ͑3saЈ ← 3aЉ transition͒.
Analogy with pyrrole will prove highly instructive. Its UV absorption spectrum also exhibits a weak, long wavelength tail stretching out to ϳ 254 nm, attributable to the analogous -HOMO ͑1a 2 orbital͒ to 3s Rydberg orbital promotion. 8 This excitation is vibronically induced in pyrrole, since the 1 A 2 ← X 1 A 1 ͑3sa 1 ← 1a 2 ͒ transition is electric dipole forbidden in C 2v symmetry. Theoretical calculations show that the character of the excited orbital evolves, from Rydberg ͑3sa 1 ͒ at the equilibrium geometry, through antibonding valence N-H * as the N-H bond extends, before eventually collapsing towards the H atom 1s orbital at long R N-H . 8 The deduced localization of * antibonding character in the N-H bond led to predictions that 3s / N-H * ← excitation should promote N-H bond fission in such heteroaromatic systems. 9, 10 In the case of pyrrole, at least, this suggestion has now been substantiated by a number of experimental studies demonstrating that prompt N-H bond fission is the major decay channel following excitation to its 1 1 A 2 state. [11] [12] [13] [14] [15] [16] [17] Direct dissociation on this potential energy surface ͑PES͒ results in the formation of fast H atoms, together with pyrrolyl radical cofragments, which are formed in a very limited subset of the available vibrational state density. Such product state selectivity has been rationalized by assuming a high degree of vibrational adiabaticity in the fragmentation process; parent skeletal modes that contribute vibronic transition probability to the 1 1 A 2 ← X 1 A 1 absorption, but are orthogonal to the dissociation coordinate, tend to map into the corresponding product vibrations. At shorter wavelengths ͑ phot ഛ 225 nm͒, the pyrrole absorption spectrum is dominated by a dipole allowed * ← transition, resulting in the population of the 1 1 B 2 excited state. 1 1 B 2 ← X 1 A 1 excitation results in N-H bond fission also, but indirectly, by radiationless transfer to ͑and dissociation on͒ the 1 1 A 2 state PES or by coupling to the ground state PES, and the subsequent dissociation of the resulting highly vibrationally excited ground state molecules. 13 If, following Machado and Davidson, 4 we assume analogous 3s ← assignments of the long wavelength UV absorptions in pyrrole and imidazole, it is logical to speculate whether these molecules might also exhibit similar UV photochemistry and that N-H bond fission might be an important decay channel following excitation to the 1 1 18 In contrast, N-H bond fission in imidazole involves a change in point group, from C s ͑in imidazole͒ to C 2v in the radical, with the symmetry axis running through the C2 atom ͑identified in the inset in Fig. 1͒ . Substituting a CH unit ͑in pyrrole or pyrrolyl͒ with an N atom ͑as in imidazole and the imidazolyl radical͒ also leads to a different ordering of the electronic states in the imidazole molecule and the imidazolyl radical; the ground state of imidazolyl has 2 B 1 symmetry. 19 The difference in ground state symmetries of imidazolyl and pyrrolyl reflects the different energetic ordering of the two HOMOs; the 2b 1 orbital which, in pyrrolyl, lies below the 1a 2 orbital is elevated to become the HOMO in the imidazolyl radical. 19 The 3aЉ HOMO in the imidazole molecule becomes the 2b 1 HOMO in the imidazolyl radical, such that, upon N-H bond extension, the 1 1 AЉ excited state of imidazole correlates diabatically with ground ͑ 2 B 1 ͒ state imidazolyl fragments. Such predictions are tested experimentally in the present work, which extends our recent studies of the UV photochemistry of gas phase pyrroles ͑pyrrole-h 5 and −d 5 and 2,5-dimethylpyrrole͒. 13, 15, 17, 20 We report what appears to be the first published UV absorption spectrum of gas phase imidazole, together with time-of-flight ͑TOF͒ spectra of H atoms formed following the UV excitation of imidazole at 16 different wavelengths in the range of 210 nmഛ phot ഛ 240 nm and at phot = 193.3 nm, obtained using the H ͑Ry-dberg͒ atom photofragment translational spectroscopy ͑PTS͒ technique. As in the case of pyrrole, H atom photofragments are seen to be formed in two distinct velocity subgroups. The faster component, which is dominant in spectra recorded at longer phot , shows vibrational structure that is attributable to the population of selected vibrational levels of the imidazolyl cofragment. Assigning these spectral features enables the ac- curate determination of the N-H bond strength, yielding a value that is in excellent agreement with that derived in recent photoelectron spectroscopy studies of the imidazolide anion. 19 These fast H atoms are deduced to recoil preferentially along axes orthogonal to the electric vector ͑ phot ͒ of the photolysis laser radiation. Such recoil anisotropy is consistent with the assumed perpendicular ͑1
1 AЉ ← X 1 AЈ͒ parent excitation and subsequent prompt dissociation on a time scale that is fast compared with parent rotation. The second, slow, isotropic subset of H atoms becomes dominant at the shortest phot ; its kinetic energy profile is reminiscent of that observed in several other systems where H atoms arise from the unimolecular decay of highly vibrationally excited ground state molecules formed following radiationless transfer from the excited state prepared in the initial photoexcitation process.
EXPERIMENT
Imidazole was obtained commercially ͑Fluka, ജ99.5%͒. Its electronic absorption spectrum was measured by standard laboratory UV/visible absorption spectroscopy ͑Perkin Elmer Lambda Bio 10, 0.1 nm resolution͒ of a low pressure sample ͑100°C vapor pressure͒ in a resistively heated sample tube. For the photodissociation studies, solid samples of imidazole were packed into a Swagelok filter housing and placed behind a pulsed valve ͑General Valve Series 9͒. The filter housing and pulsed valve were resistively heated to ϳ100°C in order to obtain sufficient vapor pressure of imidazole for effective seeding in an argon backing gas ͑ϳ700 Torr͒. The experimental setup for the H ͑Rydberg͒ atom PTS studies was identical to that described previously. 13, 15 These studies required that three laser beams were spatially overlapped, with their intersection point defining the interaction volume through which the jet-cooled molecular beam propagates. The photolysis radiation was provided by a frequency doubled Nd-YAG ͑yttrium aluminum garnet͒ pumped dye laser ͑Spectra Physics GCR-270 plus PDL-2, together with a ␤-barium borate ͑BBO-B͒ frequency doubling crystal͒ or, in the case of phot = 193.3 nm, by an ArF excimer laser ͑Lambda-Physik, Optex͒, with typical UV pulse energies in the range of 200 J -2.5 mJ. The wavelength of the dye laser radiation was established by directing a fraction of the fundamental into a wavemeter ͑Coherent, Wavemaster͒. The polarization phot of the UV radiation could be aligned to any angle , relative to the TOF axis, using a polarization rotator ͑Newport RFU Double Fresnel rhomb͒. This radiation was focussed into the interaction region with a 75 cm focal length lens.
The length of the TOF axis used in these experiments ͑d = 0.370 m͒ was determined by recording the TOF spectrum of H atoms resulting from the 193.3 nm photolysis of H 2 S and least squares fitting to well-characterized peaks associated with the various H + SH͑X , vЉ , NЉ͒ product channels using literature values for D 0 ͑H-SH͒ and the diatomic term values. [21] [22] [23] The composition of the molecular beam could be investigated by inserting a small Wiley-McLaren TOF mass spectrometer within the apparatus so that the interaction volume falls centrally within its source region and using the 121.6 nm radiation as a photoionization source. Figure 1 shows the UV absorption spectrum of imidazole vapor recorded at a sample temperature of 100°C. The spectrum shows a weak tail, extending to wavelengths as long as ϳ240 nm. Absorption increases markedly at ϳ 220 nm, suggesting the onset of absorption to a higher excited electronic state of imidazole. The region Ͻ 200 nm shows a further increase in absorption cross section and some structure. Given theoretical predictions ͑above͒ and by analogy with pyrrole, we attribute the weak, long wavelength absorption to the 3s͑aЈ͒ ← ͑3͑aЉ͒͒ excitation discussed above, and presume that one or more * ← transitions are responsible for the more intense absorption at Ͻ220 nm.
RESULTS

Electronic spectroscopy of imidazole
Photoionization-TOF mass spectroscopy of imidazole
As in our recent UV photolysis studies of indole 24 and phenol, 25 photoionization-TOF mass spectroscopy was used both to check the composition of the molecular beam and to gain insights into the effects each laser might have on the beam content. The Lyman-␣ laser radiation ͑together with the 364.7 nm radiation from which it is derived͒ provides an efficient means of detecting H atoms ͑as H + ions͒, by two color 1 + 1Ј threshold ionization. Negligible ion signals were observed with just the 121.6/ 364.7 nm laser photons present until the temperature of the nozzle and inline filter was raised to ϳ100°C, at which point a parent ion peak was observable. This we attribute to the Lyman-␣ induced photoionization of parent imidazole molecules ͓which have an ionization potential of 8.81 eV ͑Ref. 26͔͒. Introducing a pulse of 193.3 nm radiation ϳ10 ns prior to the 121.6/ 364.7 nm laser photons resulted in a massive H + signal that, under our experimental conditions, completely dwarfed the parent ion yield. The 193.3 nm pulse alone produced no detectable ion signal. As Fig. 1 ion yield was first detected at ϳ 240 nm and thereafter seen to increase with decreasing wavelength but to show no obvious structure ͓i.e., the action spectrum for forming H atoms closely parallels the absorption spectrum ͑Fig. 1͔͒. The absence of any photolysis laser induced multiphoton parent ion signal, even at the longest absorption wavelengths, suggests that the excited state PES is repulsive with respect to H atom loss at all excitation energies within the vertical FranckCondon window.
Photodissociation of imidazole
H atom TOF spectra were recorded following the photolysis of jet-cooled imidazole molecules at 193.3 nm and at all even wavelengths within the range of 210 nmഛ phot ഛ 240 nm. Figure 2 shows H atom TOF spectra recorded at phot = 232 and 224 nm with phot aligned at = 90°. Both exhibit a structured fast peak and a weak tail extending to longer TOFs. Spectra recorded with phot set at = 0°show all of the same features, but the fast components were typically approximately three times weaker, implying that ͑a͒ these fast H atoms recoil preferentially along axes perpendicular to phot , and thus to the transition dipole, and ͑b͒ that dissociation to form these products occurs on a time scale that is fast compared with the parent rotational period.
Total kinetic energy release ͑TKER͒ spectra were obtained by rebinning such TOF data using the relationship
͑1͒ m H and m R in Eq. ͑1͒ are the mass of the H atom ͑m H = 1.0079 u͒ and the partner fragment ͑assumed to be imidazolyl, with m R = 67.0693 u͒, respectively, and t is the measured H atom TOF. TKER spectra derived from the spectra shown in Fig. 2 are displayed in Figs. 3͑a͒ and 3͑b͒ , while Fig. 4 shows TKER spectra obtained at three shorter wavelengths. All show a fast feature, which broadens as phot is reduced but remains centred at TKER ϳ9200 cm −1 . This fast feature displays some structure in all spectra recorded at the longer photolysis wavelengths but, by phot = 210 nm, the structure has largely coalesced into a single broad fast peak.
The longest wavelength at which sufficient H atom signal was observed to permit recording of a TOF spectrum was phot = 240 nm, consistent with the onset of UV absorption ͑Fig. 1͒, and of the action spectrum for forming H atoms. A second ͑slow͒ feature is also discernible at all phot ; as Fig. 4 shows, its relative magnitude increases as phot is reduced. Such behavior is reminiscent of that found in our previous studies of the UV photolysis of pyrrole. 13 By analogy, it is thus tempting to suggest that the structured fast feature arises as a result of direct dissociation on the excited 1 1 AЉ PES yielding H atoms and ground ͑X 2 B 1 ͒ state imidazolyl fragments-in a limited range of vibrational quantum states-and that the slow H atoms, with an isotropic recoil velocity distribution, arise from the unimolecular decay of highly vibrationally excited ground state molecules formed following radiationless transfer from the 1 1 AЉ state. The validity of these suggestions is confirmed by the ensuing analysis.
As in our previous studies of the UV photolysis of pyrroles 13, 15, 17 and phenol, 25 it is easier to review the product vibrational energy disposal, and its phot dependence, by replotting the TKER spectra on a common internal energy E int scale, as shown in Fig. 5 . The value of E int associated with any measured TKER at photon energy E phot is derived from the energy conserving relation,
where D 0 ͑imidazolyl-H͒ is the strength of the N-H bond in ground state imidazole ͑which we determine as 33240± 40 cm −1 -see later͒ and E int ͑imidazole͒ is the internal energy of the jet-cooled parent molecules ͑which, unless specified otherwise, we assume to be zero͒. Note that this assumption about the identity and strength of the breaking bond has no effect on the relative alignment of the various E int spectra, only on the absolute values appearing on the E int scale shown in Fig. 5 . Plotted in this way, it is clear that all spectra recorded at longer phot exhibit the same structure, though with differing feature intensities. These relative peak intensities reflect the branching probabilities into the various ͑at this stage presumed͒ H + imidazolyl͑v͒ radical vibrational product channels; Fig. 5 ͑and Fig. 3͒ indicate that the average fragment E int increases with decreasing phot . The comparative narrowness of the peaks is also noteworthy, indicating that the radical photoproducts are formed with only modest rotational excitation.
Confirming the presumption that dissociation involves N-H bond fission requires knowledge of the wave numbers of the vibrational modes of the ground state imidazolyl radical. To this end, we have used GAUSSIAN03, 27 B3LYP, 28, 29 with a 6-311G͑d , p͒ basis set, to calculate the vibrational fundamentals of the ground states of both the imidazole molecule and the imidazolyl radical. accord well with those obtained in another recent ab initio study. 19 Three of the 21 parent modes listed in Table I are largely associated with the motion of the N-H hydrogen atom ͑the N-H stretch v 1 and the in-plane and out-of-plane N-H wagging modes v 15 and v 21 ͒ and, as such, will disappear on N-H bond fission.
The structure evident in the phot = 234 nm spectrum is assigned in Fig. 6͑a͒ . The most intense peak is associated with the formation of imidazolyl radicals in their zero-point vibrational level, v = 0, and the broader features centred at E int ϳ 930 and ϳ1850 cm −1 to the population of levels with, respectively, one and two quanta of vibration in modes v 6 and/or v 7 . Both of these imidazolyl vibrations involve in-plane ring distortions: v 6 involves the stretching of the C4-C5 bond, whereas v 7 involves, predominantly, N1-C2-N3 in-plane bending. Given the finite spread in E int associated with the formation of a given product vibrational state in a range of rotational states, the near degeneracy of the v 6 and v 7 modes results in a single, composite feature at E int ϳ 930 cm −1 , though the peak asymmetry suggests that branching into products with v 6 = 1 is favoured at this phot . The peak resolution decreases as phot is reduced, however, and from hereon we consider it safer to use the quantum number v n to describe peaks associated with the population of v 6 and/or v 7 ; v n = 2 could thus include contributions from v 6 =2, v 7 = 2 and/or the combination level with one quantum of excitation in both v 6 and v 7 . As Fig. 5 shows, each of the more intense peaks is mirrored by a weak satellite peak shifted ϳ500 cm −1 to lower E int ͑higher TKER͒. Such a pattern of peaks is interpretable in terms of the excitation and dissociation of vibrationally excited ground state parent molecules. Inspection of Table I identifies v 21 , the lowest frequency parent mode ͑the out-of-plane N-H wag vibration and a mode that disappears upon N-H bond fission͒, as having the appropriate wave number, and parent imidazole molecules with v 21 = 1 are thus assigned as the carrier of these hot-band features. Consistent with this interpretation, we note that features attributable to the dissociation of vibrationally excited parent molecules ͑most notably the peak associated with forming v = 0 radicals, appearing at negative E int in Fig. 5͒ appear with greatest relative intensity in TKER spectra recorded at phot = 238 and 240 nm, where hot-band excitations might be expected to make the greatest relative contribution to the overall absorption.
As noted previously, spectra recorded in the range of 230ഛ phot ഛ 240 nm show clear similarities, but the evident alternation in peak intensities disappears in spectra recorded at shorter wavelengths. Two factors contribute to this change. One is the evolution of the energy disposal into product mode͑s͒ v n , the distribution of which broadens and shifts ͓to progressively higher vibrational quantum number͑s͔͒ as phot is reduced. In addition, we identify a growing contribution due to the population of a new product mode, with E int ϳ 1330 cm −1 , which we assign as v 3 , the N1-C5/N3-C4 stretching vibration. Again, the limited spectral resolution means that some contribution to this peak from H + imidazolyl͑v 4 =1͒ products cannot be definitively excluded. All spectra taken in the range of 212ഛ phot ഛ 228 nm display a structure that we assign to the formation of imidazolyl radicals carrying excitation in modes v 3 and v n from the photolysis of imidazole molecules with v = 0 and v 21 = 1; this is illustrated for the case of photolysis at 226 nm in Fig. 6͑b͒ .
A peak attributable to the formation of H + imidazolyl͑v=0͒ products from the photolysis of imidazole͑v=0͒ molecules is identifiable in all spectra recorded at phot ജ 212 nm. Recasting Eq. ͑2͒ for the specific case of this peak ͓i.e., E int ͑imidazolyl͒ = 0 and TKER = TKER v=0 ͔, it follows that a plot of TKER v=0 versus E phot should yield a straight line of unit gradient, which when extrapolated to zero TKER will yield the strength of the N-H bond in ground state imidazole as the x-axis intercept. Figure  7 shows such a plot, from which we determine D 0 ͑imidazolyl-H͒ =33 240±40 cm −1 -a value that accords well with that derived from recent photoelectron studies of the imidazolide anion. 19 This N-H bond strength is very similar to that in pyrrole, D 0 ͑pyrrolyl-H͒ = 32 850 ±40 cm −1 , 13, 15 implying that substituting the C3-H group ͑in pyrrole͒ with N3 ͑in imidazole͒ has little effect on the N1-H bond strength.
As Fig. 4 shows, the form of the slow, isotropic, component, which becomes increasingly evident in TKER spectra recorded at short phot , can be satisfactorily reproduced using a crude model that previously has been shown to give the general form of TKER spectra of products formed via a "statistical" H atom loss process. As before, 13 the modeling assumes the population of all energetically possible product vibrational states, and that the relative probability of forming FIG. 6 . Detail of E int spectra of the imidazolyl fragments obtained from TKER spectra measured at phot = ͑a͒ 234 nm and ͑b͒ 226 nm. In ͑a͒ product vibrational peaks are labeled with quantum numbers ͑v 3 , v 6 , and v 7 ͒, and the lower dashed comb highlights weak hot-band features of the same product state assignment formed by the photolysis of imidazole ͑v 21 =1͒ molecules. In ͑b͒ product vibrational states are labeled with quantum numbers ͑v 3 and v n ͒, where v n is used to describe quanta in v 6 and/or v 7 . products with any particular TKER i , P͑TKER i ͒, is simply given by the product vibrational state density at the complementary internal energy ͓i.e., ͑TKER max − TKER i ͔͒ multiplied by the corresponding three-dimensional ͑3D͒ translational density of states ͓modelled as ͑TKER i ͒ 1/2 ͔. For the purpose of this exercise the partner fragment is still assumed to be imidazolyl, though analogy with pyrrole 31 suggests that the cofragment accompanying H atom loss on the ground state PES is more likely to be a ring opened isomer of the C 3 N 2 H 3 radical.
DISCUSSION
The UV absorption spectrum of gas phase imidazole ͑Fig. 1͒ suggests that, as in pyrrole, the weakly absorbing 1 * excited state lies lower in energy than the more strongly absorbing 1 * state. Figure 8 shows schematic potential energy profiles ͑with respect to N-H bond fission͒ for the ground and first excited 1 * and 1 * states of imidazole, derived by adapting the previously calculated ab initio potentials for pyrrole 9 in light of the present findings. These adaptations have been guided as follows: The presented TKER spectra, together with the observed perpendicular recoil anisotropy of these fragments, indicate that UV absorption at phot ഛ 240 nm excites a repulsive state ͑i.e., S 1 , 1 * ͒ that dissociates on a time scale that is short compared with that for molecular rotation. Dissociation results in the formation of H + imidazolyl͑v͒ fragments; the latter are formed in a limited number of low energy vibrational states and with only modest rotational excitation. The photoionization-TOF studies failed to reveal any photolysis laser dependent imidazole + ion yield, suggesting that there is little or no energy barrier to N-H bond fission on the S 1 surface. This conclusion is reaffirmed by the observed similarities in the long wavelength onsets for both UV absorption and H atom yield ͑ phot ϳ 240 nm, E phot ϳ 5.2 eV͒, thus yielding the estimate of the energy required for vertical excitation to the S 1 PES shown in Fig. 8 . TKER spectra recorded at these long phot show that most of the photon energy in excess of that required to break the N-H bond is released as product translation.
Direct dissociation to H + imidazolyl͑v͒ products gives rise to a structured fast feature in the measured TKER spectra, with an average kinetic energy release ͗TKER͘ ϳ 9200 cm −1 ͑ϳ1.15 eV͒, that is rather insensitive to phot . Analogy with previous UV photolysis studies of a range of pyrroles 13, 15, 17 encourages association of this ͗TKER͘ value with the drop in PE of the S 1 state between the region of vertical excitation from the ground state and the H + imidazolyl͑X͒ asymptote ͑indicated as ␦E in Fig. 8͒ . The product recoil anisotropies observed following excitation to the S 1 ͑ 1 * ͒ state indicate that the S 1 ← S 0 transition dipole is aligned perpendicular to the breaking N-H bond ͑consis-tent with the 1 AЉ ← 1 AЈ symmetry of the * ← transition͒. 4, 5 The resulting imidazolyl products carry excitation in v 3 and v 6 and/or v 7 ͑v n ͒, all of which are in-plane ͑a 1 in C 2v ͒ framework stretching modes. The exclusive population of aЈ ͑a 1 or b 2 in C 2v ͒ product modes is as expected on Franck-Condon grounds: The excitation of imidazole͑S 0 ,v =0͒ molecules will result in the population of S 1 levels with aЈ vibrational symmetry which, given the assumed direct dissociation ͑Fig. 8͒, must map into product states of the same overall symmetry.
Rationalizing the specific population of product modes v 3 , v 6 , and/or v 7 requires further consideration both of the initial S 1 ← S 0 excitation and the subsequent nuclear motions on the multidimensional S 1 PES. Photoexcitation will project imidazole͑v=0͒ molecules onto the S 1 PES at geometries close to that of the ground state equilibrium geometry. These excited molecules will then evolve under the influence of the S 1 potential en route to H + imidazolyl͑X͒ products. Unfortunately, little is known about the detailed topology of the S 1 PES. The present observations, and analogy with pyrrole, suggest a profile along R N-H as shown in Fig. 8 . To gain some feel for its topology in coordinates orthogonal to R N-H we recall that the S 1 state is likely to have residual 3s Rydberg character at short R N-H . It may thus be instructive to consider the changes in equilibrium geometry upon ionization of imidazole. As Table II shows, the attendant reorganization of electron density upon ionization leads to an elon- gation of the C4-C5 and N3-C2 bonds, and a concurrent reduction of the N1-C5 and N3-C4 bond lengths. Of these, the C4-C5 bond length shows the largest change ͑Ͼ6.5% ͒. Changes in equilibrium geometry between imidazole + and the ground state imidazolyl radical are less marked ͑Table II͒. This suggests a picture wherein vertical excitation from the S 0 , v = 0 level prepares a wave packet on the S 1 PES at energies above ͑and geometries away from͒ the potential minimum in R C4-C5 ͑and the other in-plane stretching coordinates͒. The observed fragmentation will then involve the wave packet executing a "slalom-like" oscillation in coordinates associated with these ring-stretching motions while simultaneously spreading ͓initially quite slowly given the predicted "shelf-like" form of the S 1 potential ͑Fig. 8͔͒ along R N-H . In the absence of strong coupling between these inplane ring vibrations and N-H bond extension, the ring vibrations would be expected to map through into the corresponding product modes. Consistent with this picture, we note that C4-C5 bond vibration is the principal nuclear motion associated with product mode v 6 , and that product modes v 3 and v 7 are also dominated by in-plane motions that are sensitive to parent S 1 ← S 0 excitation. As Figs. 3 and 4 showed, reducing phot has little effect on the mean translational energy released into the fast H + imidazolyl fragments. This observation, and the evident broadening of the accompanying E int distributions, would both accord with the foregoing discussion if the directions of steepest descent from the vertical Franck-Condon region on the S 1 PES involve the in-plane stretching motions, and the eventual product TKER is determined primarily by the drop in potential energy at larger R N-H .
The UV absorption spectrum ͑Fig. 1͒ reveals a large increase in cross section at Ͻ220 nm, which we associate with the onset of absorption to the S 2 ͑ 1 * ͒ state. Analogy with pyrrole 9 suggests that the diabatic S 2 state will be bound with respect to N-H bond fission, as indicated in Fig. 8 . The relative intensity of the fast feature associated with dissociation on the S 1 ͑ 1 * ͒ PES decreases markedly in spectra recorded at phot ഛ 222 nm and by phot = 193.3 nm ͓Fig. 4͑c͔͒ the TKER spectrum is dominated by fragments attributable to the statistical unimolecular decay of highly vibrationally excited ground state molecules. Again, such behavior is reminiscent of that found in the case of pyrrole. 13 In both cases, photoexcited S 2 ͑ 1 * ͒ molecules appear to decay via two different mechanisms. One involves internal conversion ͑IC͒ to the dissociative S 1 state, yielding fast H atoms as in the case of direct S 1 ← S 0 excitation at longer phot . The observation that the fast H atoms formed at short phot display anisotropic recoil velocity distributions indicates that the transition dipole moment for ground state imidazole excitation to the S 2 ͑ 1 * ͒ state is also perpendicular to the N-H bond ͑but, in this case, in the plane of the molecule͒ and that coupling between the 1 * and 1 * states is fast and efficient. The observed slow H atoms are deduced to arise from the unimolecular decay of highly vibrationally excited ground state molecules. These could arise, in principle, from direct S 2 S 0 coupling. Given the deduced efficiency of radiationless transfer from S 2 ͑ 1 * ͒ to S 1 ͑ 1 * ͒, however, we consider it more likely that the hot S 0 molecules are formed via successive S 2 S 1 and S 1 S 0 couplings. Given the assumed form of the S 1 PES, the conical intersection ͑CI͒ between the S 1 and S 0 PESs at extended R N-H ͑Fig. 8͒ would provide one possible route for this latter coupling.
CONCLUSION
This paper reports the first detailed study of the UV photofragmentation dynamics of gas phase imidazole molecules. Imidazole is shown to absorb at UV wavelengths shorter than 240 nm and to dissociate by N-H bond fission. The deduced fragmentation behavior shows many parallels with that found for pyrrole. 13, 15, 17 The resulting H atoms exhibit bimodal TKER distributions, with a structured "fast" peak centered at ϳ9200 cm −1 and a slower component that gains in relative importance as phot is reduced. Analysis of the former structure confirms the population of specific inplane stretching vibrational levels of the imidazolyl cofragment, which have been assigned by comparison with calculated normal mode vibrational frequencies. The observed energy disposal has been rationalized by Franck-Condon arguments, with the assumption that photoexcitation results in the population of the 1 1 AЉ͑ 1 * ͒ state ͑either directly or, at shorter phot , by radiationless transfer from the initially populated 2 1 AЈ state͒ and that the PES for the 1 1 AЉ state has a topology similar to that of the corresponding 1 * state of pyrrole. Again as in the case of pyrrole, the second, "slow" feature is attributable to H atoms formed by the "statistical" decay of highly vibrationally excited ground state molecules formed, most probably, by radiationless transfer from the 1 1 AЉ state to the ground state. The present findings lend further weight to recent predictions 10 that N-H and/or O-H bond fission following photoexcitation to the 1 * state represents an efficient nonradiative decay pathway for heteroaromatic molecules such as imidazole, pyrrole, and phenol. This conclusion has now been shown to hold true whether the 1 * state is populated by direct photoexcitation ͑as in the present case͒, by a vibronically induced excitation ͑as in pyrrole 13 ͒, or indirectly, by radiationless transfer from a photoprepared 1 * state, as in phenol. 25 Since dissociation on the repulsive 1 * state PES is fast, it will not be quenched easily-thus hinting that such fragmentations may well also play a role in the condensed phase.
